P rolonged stimulus of the adult heart by hypertension, arrhythmias, or other pathogenic conditions can result in myocardial hypertrophy and subsequently heart failure. Hypertrophy is characterized by an increase in the size of cardiomyocytes and this is associated with an elevated rate of RNA synthesis and protein synthesis in these cells. Although mechanisms responsible for this increased RNA and protein synthesis remain to be fully elucidated, an article by Espinoza-Derout et al 1 in this issue of Circulation Research provides additional evidence that dysregulation of the general RNA polymerase II elongation factor known as P-TEFb can be an important mechanism in the development of hypertrophy.
Regulation of RNA Polymerase II Elongation
RNA polymerase II transcribes all protein-coding genes, and its function is regulated both at the levels of transcription initiation and elongation. Initiation is positively regulated by transcription factors that bind to specific cis-regulatory sequences in the promoters of individual genes. These transcription factors function to recruit both coactivators and the RNA polymerase II complex and transcription initiation is enhanced at these genes. After initiation, transcriptional elongation can be defective because of the action of 2 negative factors, DSIF and NELF, which limit elongation. 2, 3 These negative factors may function as a quality control mechanism to ensure capping of nascent mRNA, thereby stabilizing the RNA for subsequent processing events and transcriptional termination. 4 Although almost all protein-coding genes appear to undergo some level of constitutive transcription initiation, only a subset actually produce full-length transcripts, indicating that many genes are defective in transcriptional elongation. 5 This block to productive elongation is overcome by the action of P-TEFb (positive transcription elongation factor b). P-TEFb is a protein kinase that can hyperphosphorylate the carboxyl-terminal domain (CTD) of the large subunit of RNA polymerase. The CTD of mammalian RNA polymerase II contains 52 repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser, and phosphorylation of the second serine (Ser2) in this sequence is a hallmark of P-TEFb activity. P-TEFb also phosphorylates protein subunits of both the DSIF and NELF negative factors. Phosphorylation of the CTD, DSIF, and NELF by P-TEFb converts RNA polymerase II into a processive enzyme that is capable of transcribing entire genes.
P-TEFb Complexes in Cells
P-TEFb is actually a family of distinct molecular complexes, each containing CDK9 as the catalytic subunit. CDK9 is a serine-threonine kinase, and it is expressed as 2 isoforms, a major 42-kDa protein and a minor 55-kDa protein that differ by an amino-terminal extension on the larger protein. The catalytic function of Cdk9 requires the association of a cyclin protein, either cyclin T1, T2, or K. In cells and tissues examined to date, cyclin T1 and T2 appear to be the major cyclin partners of Cdk9 and the significance of cyclin K to P-TEFb function remains to be determined. P-TEFb is found in 2 complexes in cells, a small complex and a ribonucleoprotein complex termed the 7SK snRNP. As illustrated in the Figure, the small complex consists of Cdk9, cyclin T (either T1 or T2), and Brd4, and this small complex is the form of P-TEFb that is recruited to genes to activate elongation. Brd4 is a bromodomain protein that is capable of binding to acetylated histones in regions of the genome that are marked as transcriptionally active. Brd4 is thought to bind to acetylated histones and direct CDK9/cyclin T to active genes, where the catalytic activity of CDK9 activates transcriptional elongation.
A significant fraction of P-TEFb is found in the 7SK snRNP complex that contains a small nuclear RNA known as 7SK snRNA, 2 CDK9/cyclin T dimers, and several other proteins. 6 The kinase activity of CDK9 in the 7SK snRNP is repressed, and this is therefore a catalytically inactive form of P-TEFb. Two proteins are bound to 7SK snRNA in the snRNP: MePCE (methylphosphate capping enzyme), which is bound to the 5Ј cap of 7SK; and PARP7 (also named PIP7S), which is bound to the 3Ј end of 7SK. A key protein in the 7SK snRNP is cardiac lineage protein (CLP)-1, also known as HEXIM1 (hexamethylene bis-acetamide-induced protein). CLP-1/HEXIM1 can exist as a homodimer in the snRNP, or it can exist as a heterodimer with the paralogous HEXIM2 protein. The HEXIM2 protein is generally much less abundant than CLP-1/HEXIM1. Extensive biochemical evidence has shown that CLP-1/HEXIM1 functions as a scaffold to assemble the 7SK snRNP (reviewed elsewhere 6 ).
complex. The biological significance of some of these disrupting stimuli, such as actinomycin D or drugs such as flavopiridol, is questionable. However, an important study from the Schneider laboratory showed that hypertrophic signals such as calcineurin or mechanical stress cause the dissociation of the 7SK snRNP in cultured cardiac myocytes. 7 This dissociation was associated with an elevated level of CTD Ser2 phosphorylation, indicating that overall P-TEFb function is enhanced by hypertrophic signals. This study suggested that the increase in P-TEFb function caused by disruption of the 7SK snRNP is a mechanism involved in the increase in the global rate of RNA synthesis that is associated with myocardial hypertrophy.
Role of CLP-1/HEXIM1 in Myocardial Hypertrophy
Previous work from the Siddiqui laboratory showed that deletion of the CLP-1/HEXIM1 gene in mice results in lethality at the late fetal stages of development. 8 An analysis of CLP-1 Ϫ/Ϫ fetal hearts indicated a hypertrophic phenotype, indicating that dysregulation of the 7SK snRNP by the genetic ablation of CLP-1/HEXIM1 can also contribute to hypertrophy. In this issue of Circulation Research, Siddiqui and colleagues have used genetically modified mice to extend their analysis of the role of CLP-1/HEXIM1 in hypertrophy. The authors analyzed a mouse strain in which an activated form of calcineurin is expressed in the heart. 1 Calcineurin is a calmodulindependent phosphatase that promotes myocardial hypertrophy. 9 The association of CLP-1/HEXIM1 with P-TEFb was decreased in these mice, suggesting that the calcineurin hypertrophic stimulus results in dissociation of the 7SK snRNP. Additionally, calcineurin expression in the heart resulted in an increase in the overall level of CTD Ser2 phosphorylation, showing that P-TEFb activity is enhanced in these mice, and this likely contributes to an increase in total RNA synthesis in cardiomyocytes.
Espinoza-Derout et al 1 also used a previously generated mouse strain (MHC-cyclin T1) in which the cyclin T1 subunit of P-TEFb is overexpressed in the heart. 7 Cyclin T1 levels are apparently limiting for P-TEFb function in wild-type mice, because P-TEFb catalytic activity is elevated in the heart of these mice that overexpress cyclin T1. Espinoza-Derout et al crossed the MHC-cyclin T1 mouse with the CLP-1/HEXIM1deleted mouse to generate a MHC-cyclin T1/CLP ϩ/Ϫ mouse. CLP-1 ϩ/Ϫ mice in a wild-type cyclin T1 background appear to be normal and have no phenotypic abnormalities. 8 The significance of the MHC-cyclin T1/CLP-1 ϩ/Ϫ strain is that cyclin T1 is overexpressed in the heart in the presence of a reduced level of CLP-1/HEXIM1: a situation in which the level of the small P-TEFb complex should be considerably increased. There was indeed a striking enhancement of ventricular hypertrophy in the MHC-cyclin T1/CLP-1 ϩ/Ϫ mice. Additionally, there was an increase in the overall level of CTD Ser2 phosphorylation in the heart of the mice. Thus, the combination of elevated P-TEFb levels by overexpression of cyclin T1 and the reduction CLP-1/HEXIM1 levels by the CLP-1 ϩ/Ϫ genotype strongly enhances the development of hypertrophy. These new observations highlight the consequence of the dysregulation of the equilibrium between the small P-TEFb complex and the 7SK snRNP to myocardial hypertrophy.
Future Studies
The present study by Espinoza-Derout et al 1 adds further support to the idea that the ability to maintain an appropriate equilibrium between the small P-TEFb complex and the 7SK snRNP in myocardial myocytes may have therapeutic potential for treatment of hypertrophy. A better understanding of signals and mechanisms that control this equilibrium is essential if this potential is to be realized. The formation of the 7SK snRNP requires that Cdk9 be phosphorylated at threonine 186 in a region of the protein termed the T-loop. 10 This phosphorylation induces a conformational change in CDK9 or related cyclin-dependent kinases that allows substrates to access the catalytic core of the enzyme. 11 Phosphorylation of the CDK9 T-loop was recently reported to occur by an autoactivation mechanism, 12 meaning the CDK9 can activate itself in cis, a mechanism that has been described for a number of protein kinases. 13 Phosphatases involved in the dephosphorylation of the CDK9 T-loop have been identified, PP2B, PP1␣, and PPM1A, and these enzymes are likely to be key regulators of the equilibrium between P-TEFb complexes. 14, 15 A potentially important area of investigation will be to determine whether hypertrophic signals regulate the functions of these phosphatases. Additionally, the majority of CLP-1/ HEXIM1 is not associated with P-TEFb, and it is therefore possible that this P-TEFb-free CLP-1/HEXIM1 may play a role in hypertrophy. Might the dysregulation of P-TEFb by hypertrophic signals also contribute to the increased rate of protein synthesis that is associated with hypertrophy? It is notable that CDK9 has been found to associate with polysomes. 16 It is therefore possible that disruption of the 7SK snRNP by hypertrophic stimuli may result in elevated levels of CDK9 on polysomes, and this may contribute to increased protein synthesis. Further studies of the role of P-TEFb in myocardial hypertrophy should continue to shed mechanistic insight into this pathogenic process and may suggest strategies for novel therapeutics.
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